The temperature dependence of the photocurrent of amorphous GaInZnO/InZnO thin film transistors was investigated at various illumination wavelengths. The photocurrent is highly dependent on the irradiation conditions, even though the saturation characteristics were similar regardless of illumination. When the photon energy was greater than 2.82 eV, it was large enough to excite a bound electron independent of the thermal energy. When the irradiation photon energy was not large enough for direct excitation, it was observed that the states in the Urbach tail region, approximately 0.18-0.28 eV below the conduction band, acted as shallow traps that induced a thermally activated photocurrent. Amorphous oxide semiconductor (AOS)-based thin film transistors (TFTs) have received considerable attention as transparent electronic components because they have various advantages such as high mobility, high bias stability, the possibility of low-temperature processing with good uniformity, and transparency to visible light. [1] [2] [3] [4] [5] In particular, amorphous In-Zn-O-based TFTs such as a-InZnO (IZO), a-GaInZnO (GIZO), and a-HfInZnO (HIZO) have been widely researched because they have exhibited excellent performance as the channel materials of TFTs and optical sensors.
6-10 a-IZO exhibits high photosensitivity owing to a large number of sub-gap states; however, it is highly dependent on the active dimensions such as active thickness and gate length, and the TFT characteristics are unstable under light illumination. 11 Therefore, it is difficult for an a-IZO layer to be independently used as the active material of optical TFT sensors. As Ga or Hf is added to an a-IZO film, the stability of the TFT characteristics improves, but the photosensitivity is reduced because the additive ions have a higher ionic potential than the In 3þ ions and could suppress the formation of oxygen vacancies. 12, 13 For advantageous use of two active layers of a-IZO and a-GIZO (or a-HIZO), Jeon et al. proposed a photosensor array with a double or triple active layer composed of IZO and GIZO (or HIZO). 11, 14, 15 The proposed TFTs showed stable threshold voltage (V th ) and photocurrent distributions for various device dimensions and aging times. Moreover, they could eliminate the persistent photoconductivity (PPC) effect, which acts as a hurdle for the adoption of oxide semiconductor materials into the optical sensor, 16 by rapidly controlling the oxygen vacancies using a gated three-terminal photosensor array. Therefore, the application of oxide semiconductors to optical TFT sensors is more realized from these results. By extension, the study of the electrical and optical property dependencies on temperature in the typical devices/TFTs operating conditions is an important aspect of the reliability of the optical device.
However, the temperature dependence of the device characteristics has been rarely studied, whereas most studies of AOS-TFTs have focused on the electrical characteristics, photosensitivity, PPC, and bias-induced instability at room temperature. In this study, we investigated the temperature dependence of the photocurrent of a-GIZO/IZO TFTs. For irradiation conditions with a fixed wavelength, the transfer curves were measured in the temperature range of 30-150 C, and the photocurrent was obtained from the difference between the off current at illuminated and dark conditions. The photocurrent could be described with a relationship between the temperature and the incident photon energy, and the level of the shallow trap sites that induced the thermally activated photocurrent could be obtained.
The inverted staggered structure of the a-GIZO/IZO TFT was fabricated using a standard semiconductor process on a glass substrate, as shown in Figure 1 (a). The gate electrode comprising a 100-nm-thick molybdenum (Mo) film was deposited on glass by sputtering and then followed by deposition of 350-nm-thick SiN x and 50-nm-thick SiO 2 layers by plasma-enhanced chemical vapor deposition (PECVD) as the gate insulator. A double layer structure of a-GIZO/IZO was deposited by sputtering as the active channel and photoabsorption layer. The thicknesses of both a-GIZO and a-IZO layers were 40 nm. The metal composition ratios of the bottom GIZO and top IZO layers were Ga:In:Zn ¼ 0.39:0.18:0.43 and In:Zn ¼ 0.44:0.56, respectively, as measured by energy dispersive X-ray spectroscopy (EDS).
14 A 100-nm-thick SiO 2 etch-stop layer was deposited by PECVD and patterned by dry etching. Then, the source and drain were fabricated by sputtering a Mo film on the active contact. For passivation, a SiN x film with a thickness of 100 nm was deposited by PECVD, and the device was finally annealed at 250
C for 1 h in N 2 atmosphere. The channel length (L) and width (W) of the devices were fixed at 25 lm. The fabricated a-GIZO/IZO TFTs were characterized using a Keithley 4200-CSC semiconductor characterization system. The photocurrent measurements were carried out in the temperature range of 30-150 C, controlled by a heat control module. A xenon lamp was used as a light source for the photocurrent measurements, and a specific wavelength in the range of 400-600 nm was extracted from the light source by a monochromatic light source system (DongWoo Optron Co.).
Figure 1(b) shows the transfer curves of an a-GIZO/IZO TFT for various wavelengths of incident light at V DS ¼ 10 V. The TFT characteristics extracted from the saturation region were similar regardless of the illumination conditions. The mobilities of the TFT in the dark and when illuminated with light having a wavelength of 400 nm, which corresponded to the highest incident photon energy, were 10.24 cm 2 /(V s) and 10.22 cm 2 /(V s), and the corresponding threshold voltages were 3.99 V and 3.59 V, respectively. However, the off current was highly dependent on the wavelength of the incident light. The off current slightly increased as the wavelength of the incident light decreased from 600 to 500 nm, and then the off current exponentially increased as the wavelength decreased below 500 nm. Finally, the off current increased by five orders of magnitude when the TFT was illuminated with light having a wavelength of 400 nm.
The temperature dependence of the transfer curve for a TFT in the dark and illuminated with light having wavelengths of 400 nm and 500 nm is shown in Figure 2(a) . While the off current in the dark did not change with the variation in the measured temperature, the off currents under illuminated conditions had different level of values for various temperatures. Furthermore, it was observed that the temperature dependence of the off current exhibited a different trend when the wavelength of light was 400 nm and 500 nm. While the off current continuously increased as the temperature increased at an illumination wavelength of 500 nm, the off current maintained almost the same level in the temperature range below 90 C and then slightly decreased as the temperature increased to over 90 C at an illumination wavelength of 400 nm. To comprehend this different trend for the temperature dependence of the photocurrent with the incident wavelength, a relationship between the wavelength of an incident photon and the photocurrent (I ph ), defined as the difference in the off current between the illuminated and the dark conditions, at different measured temperatures was investigated in more detail and indicated in Figure 2(b) . The photocurrent continuously increased while decreasing the wavelength of the incident photons regardless of measured temperature; however, the increased range of the photocurrent as decreasing wavelength decreased when the measured temperature increased. As indicated in Figure 2 (a), this is because the photocurrent continuously increased with increasing temperature in the long wavelength region more than 500 nm, which shows a relatively low level of photocurrent, meanwhile the photocurrent decreased as the temperature increased to over 90 C in the shorter wavelength region below 440 nm. More detail, for wavelengths below 440 nm (photon energies greater than 2.82 eV), it was observed that the level of photocurrent was relatively high and almost temperature independent in the for T < 90 C and then slightly decreased with increasing temperature in the relatively high temperature region of over 90 C, as shown in Figure 3(a) . The range of incident photon energies of 2.82 eV-3.10 eV is comparable to the band gap energy of 2.95 eV of the IZO photoabsorption layer measured by reflective electron energy loss spectroscopy.
14 Moreover, IZO has a high density of sub-gap states induced by oxygen vacancies, and these states act as a carrier source for supplying before band-to-band excitation. 15 Therefore, it is thought that an incident photon energy over than 2.82 eV was enough to excite a bound electron and increase the off current by greater than three orders of magnitude, independent of the thermal energy. In this respect, the slight decrease in the photocurrent with increasing temperature in the relatively high temperature region, where T > 90 C, might be interpreted as a decrease in the electron mobility by phonon scattering, rather than as a variation of the thermally generated carrier density. The decrease in photocurrent corresponded well with a relation between the temperature and the phonon scattering limited mobility (l ph / T À3=2 ), as indicated by the dashed line in Figure 3(a) . 12 Meanwhile, for wavelengths greater than 500 nm (photon energies below 2.48 eV), the photocurrent exponentially increased with increasing temperature in Figure 3(b) , even though the increased range of the off current after illumination was less than one order of magnitude. This trend is described by the thermally activated behavior according to 17, 18 
In Eq.
(1), I 0 is a pre-exponential factor, DE ph is the activation energy, and kT is the thermal energy. It was confirmed that the relationship between the measured temperature and the photocurrent in the long wavelength region more than 500 nm was well-fitted by an Arrhenius function, as shown in Figure 4 (a). The increase in the thermally activated photocurrent is related to the loss of photogenerated charge carriers due to trapping and recombination at trap sites in the active material, and the depth of the shallow traps is attributed the activation energy of the thermally assisted photocurrent. In other words, the photogenerated current can be reduced by the capture of carriers by traps, and the photocurrent appeared to exponentially increase with temperature, as the re-emission of trapped charges into transport states is a thermally activated process. According to Eq. (1), the value of DE ph and I 0 could be extracted from the slope and the yintercept value of a linear plot of lnðI ph Þ versus 1/T, and the extracted values are indicated in Figure 4 (b). The preexponential factor, I 0 , almost exponentially increased with increasing incident photon energy, which means the photocurrent from the initially photogenerated carriers that are not trapped in a shallow level is exponentially dependent on the photon energy. Further, the extracted values of the activation energy, related to the shallow trap level, were between 0.188 and 0.273 eV, which almost linearly increased with increasing incident photon energy. Therefore, the thermally activated photocurrent in the long wavelength region is expressed as a function of only the thermal energy and the photon energy and is written as follows:
where A and B are constants related to I 0 , and a and E 0 are constants related to DE ph . As shown in Figure 5 , it was confirmed that the variation of the photocurrent with temperature, resulting from trapping and re-emission from shallow traps, was accurately described by induced equation, Eq. (2), based on the initially photogenerated current (I 0 ) and activation energy (DE ph ). Then, it was observed that the states in the Urbach tail region, approximately 0.18 eV-0.28 eV below the conduction band, acted as shallow trap sites that induced a thermally activated photocurrent because the term related to re-emission of trapped carriers, the denominator of Eq. (2), obeyed by the Urbach rule. 19, 20 In summary, we investigated the temperature dependence of the photocurrent of an a-GIZO/IZO thin film transistor with the variation of the wavelength of the irradiated light. The TFT characteristics extracted from the saturation region were similar, regardless of the illumination conditions. However, the off current was highly dependent on the wavelength of the incident light, and it was observed that the temperature dependence of the off current exhibited a different trend from the wavelength of the incident light. In the relatively short wavelength region, below 440 nm that corresponded to over 2.82 eV of the photon energy, it was observed that the photocurrent was almost temperature independent because the incident photon energy was large enough to excite a bound electron independent of the thermal energy. However, in the relatively long wavelength region, over 500 nm that corresponded to below 2.48 eV of the photon energy, the photocurrent exponentially increased with increasing temperature with an Arrhenius relationship. It was also observed that the states in the Urbach tail region acted as the shallow trap sites that induced thermally activated photocurrent. 
